BACKGROUND: Obesity represents a heterogeneous group of disorders associated with broad spectrum of metabolic and endocrine abnormalities. The metabolic changes in obesity may also concern the efficacy of mitochondrial system of energy provision. The aim of our study was to analyse activities of mitochondrial enzymes cytochrome c oxidase (COX) and citrate synthase (CS) in isolated lymphocytes of obese and normal-weight subjects. RESULTS: In the group of 304 non-obese controls, differences between men and women were found neither in the COX and CS activities nor in the COX=CS ratio in isolated lymphocytes. The activity of COX did not change even with age, whereas the activity of CS decreased significantly resulting in age-dependent increase of the COX=CS ratio (P < 0.01). In the group of 60 obese patients aged 17 -75 y, the COX activity was 1.2-fold higher (P < 0.01) and the CS activity was 1.3-fold lower (P < 0.01) compared to 151 non-obese healthy age-matched controls. Consequently, the COX=CS ratio became 1.7-fold higher (P < 0.01) in the obese patients compared to the non-obese population, which indicates that both the absolute and relative oxidative capacity are increased. CONCLUSION: Isolated lymphocytes from peripheral blood contribute very little to the overall metabolic turnover, but they may serve as easily available marker cells for studying the changes of mitochondrial energy converting systems in obesity.
Introduction
Obesity in man represents a heterogeneous group of disorders associated with broad spectrum of metabolic and endocrine abnormalities particularly affecting carbohydrate and lipid metabolism. The possible role of mitochondria in the development of obesity 1,2 is mainly concerned with the efficacy of mitochondrial energy provision. The level of energetic metabolism is dependent on the amount and activities of respiratory chain complexes and ATP-synthase and on the level of proton leak through the mitochondrial membrane, which appears to be controlled by uncoupling proteins 1-3 (UCP1-3). 3 Apparently, the balance between energy conservation into the molecule of ATP and energy dissipation in the form of heat loss thus represents the key metabolic control, which is crucial for possible development of obesity.
Oxidative phosphorylation system (OXPHOS) of the mitochondrial inner membrane is the primary source of energy for aerobic cells. OXPHOS consists of five enzyme complexes. Complexes I -IV (NADH dehydrogenase, succinate dehydrogenase, ubiquinol:cytochrome c oxidoreductase and cytochrome c oxidase (COX)) constitute the electron transport chain, which transfers electrons to the final acceptor -molecular oxygen. The energy released is used to pump protons out of the mitochondrial matrix by complexes I, III and IV and the resulting electrochemical proton gradient is exploited by complex V (ATP synthase) to produce ATP. It has been shown that the activity of OXPHOS Figure 1 The activities of cytochrome c oxidase (COX) (a), citrate synthase (CS) (b) and the COX=CS ratio (c) in 304 non-obese controls according to age. Data are presented as means and 95% confidence intervals for means.
Mitochondrial metabolism in obese M Čapková system can be affected by number of factors including age or physical training. 4 Since the discovery of UCP2 and 7 3 in 1997, 5 -7 the widespread isoforms of the thermogenic brown fat protein, UCP1, the likely role of UCPs in metabolic control, regulation of body weight and development of obesity have been intensively discussed. 8 -10 UCPs can promote proton transport and uncouple mitochondrial respiration from oxidative phosphorylation, thus increasing energy dissipation while reducing the efficiency of ATP synthesis. 3,5,11 -13 Since a decrease in basal metabolic rate would increase the susceptibility to weight gain, genetic alteration in the UCP2 gene could contribute to the pathogenesis of obesity.
14 Positive evidence for association among the UCP2, body mass index (BMI) and resting metabolic rate (RMR) was reported. 15 -18 UCP2 and UCP3 have been shown by the group of Klingenberg to function as real uncoupling proteins, similarly to UCP1. 19 Their expression in many mammalian tissues (brown fat, skeletal muscle, heart, kidney, lung, placenta, lymphocytes and white fat) 8 may suggest that the metabolic changes in obesity may also concern other tissues, whose importance for the whole metabolic turnover is not high. Among them also belong the lymphocytes from peripheral blood, which represent easily available cells for the study of mitochondrial energy providing systems.
As the overall capacity of energy metabolism depends primarily on the activity of the respiratory chain and Krebs cycle enzymes, the aim of our study was to analyse the activity of cytochrome c oxidase (COX), citrate synthase (CS) and their ratio in isolated lymphocytes in obese patients and non-obese controls.
Methods

Subjects
The control group of 304 normal-weight healthy subjects in the age between 6 months and 89 y was randomly selected after informed consent in the out-patient departments of the General Faculty Hospital, Prague. One-hundred and fifty-one subjects aged between 16 and 89 y (mean age 38.9 AE 19.6 y; weight 73.3 AE 17.9 kg; BMI 24.6 AE 5.1 kg=m 2 ) selected from the control group represented the age-matched non-obese controls for the comparison of the obese and normal-weight subjects.
The group of 60 obese patients in the age between 17 and 75 y (mean age 46.6 AE 15.4 y; weight 108.1 AE 23.5 kg; BMI 37.7 AE 6.6 kg=m 2 ) from the out-patient Obesity Unit was investigated. The obese patients were characterized by BMI ! 29, by percentage of body fat higher than 30% (determined by bioimpedance and measurement of skin folds according to Pařízková 20 ) and by exceeded risk cut-off point of waist circumference: > 80 cm in women and > 94 cm in men. Patients with diseases affecting energy metabolism (such as thyroid dysfunction) as well as drug treated subjects were not included in the studied group.
Biochemical measurements
Lymphocytes (fraction of all subsets) were isolated from EDTA-treated peripheral blood. Lymphocytes were separated on a Ficoll medium using lymphopack tubes (Sigma, Czech Republic). The activities of COX and CS were determined spectrophotometrically in freeze-thawed cells solubilized by 1.5% laurylmaltoside (final concentration). The COX activity was measured by following the oxidation of the reduced cytochrome c (25 mM) in 10 mM KP i buffer pH 7.0 at 550 nm and 37
C. 21 The CS activity was measured according to Srere 22 in the medium containing 0.1 mM 5,5 0 -dithio-bis(2-nitrobenzoic acid), 0.5 mM Acetyl -Coenzyme A and 0.5 mM oxalacetic acid at 412 nm and 37 C. Protein concentration was determined according to Lowry. 23 
Statistical analysis
The relationships among the enzyme activities (COX, CS and their ratio COX=CS) and age and gender were studied in the control group using methods of analysis of variance. Differences in the COX and CS activities between the obese patients and the non-obese controls were analysed using an unpaired sample t-test. The analysis of variance was used to compare both groups with respect to the age of subjects (age as well as obesity effects were tested together). The statistical significance was tested at the level a ¼ 5%.
Results
In the group of 304 non-obese controls in the age between 6 months and 89 y, the activities of COX and CS as well as the COX=CS ratio in isolated lymphocytes showed no differences between men and women ( Table 1) . As shown in Figure 1 , in the group of non-obese controls, the COX activity did not change significantly with age, but the CS activity decreased 1.7-fold (P < 0.01) with the major change occurring between the 16 -20 y age group and the 46 -55 y one. As a result, the COX=CS ratio increased significantly with age (P < 0.01).
In the group of 60 obese patients, the COX activity in isolated lymphocytes was significantly increased compared to 151 non-obese age-matched controls (P < 0.01; Table 2 ), whereas the CS activity was significantly decreased Mitochondrial metabolism in obese M Čapková (P < 0.01), thus resulting in a 1.7-fold increase of the COX=CS ratio (P < 0.01) in the obese patients ( Table 2 ). The differences in the CS activity and the COX=CS ratio between the obese patients and the non-obese age-matched controls also persisted, when both groups were divided into six age categories: 16 -20 (n ¼ 6 obese=29 controls), 21 -35 (n ¼ 7=57), 36 -45 (n ¼ 9=13), 46 -55 (n ¼ 22=18), 56 -65 (n ¼ 10=10) and > 65 y old (n ¼ 6=24; Figure 2 ).
Discussion
Susceptibility for the development of obesity might be influenced by higher energetic efficiency. The regulation of energy metabolism in obesity may differ from condition in non-obese subjects in several respects. Genetically determined differences in metabolic efficiency affect weight loss in response to energy deficit 24 and weight gain in response to positive energy balance. 25 OXPHOS and the production of ATP can be modified in obesity, possibly by changes of proton leak in the mitochondrial membrane, which is supposed to be a consequence of different expression and synthesis of the UCP proteins. 5, 15, 26 In our study, we analysed mitochondrial enzyme activities in obese patients and non-obese controls as well as the possible effect of age and gender. Decreased COX=CS ratio may represent a biochemical marker of mitochondrial dysfunction.
Effect of gender
The effect of gender on mitochondrial energetic functions was studied in mouse kidney, skeletal muscle, aorta and brain. Differences were reported in sexual dimorphism in the ultrastructure of mitochondria and lysosomes and in the activities of several enzymes associated with the function of these organelles. For example, an increased activity of COX in the mitochondrial membrane was found in male mouse heart compared to female. 27 Some sex-dependent differences in age-linked decline of mitochondrial respiration (eg specific activities of COX, NADH-cytochrome c reductase, UQH 2 -cytochrome c reductase) were also reported in humans. 28, 29 There was reported lower COX activity in skeletal muscle in women than in men, but no differences in the CS activity were found. 30 In our study, no significant differences in the activities of COX and CS in lymphocytes were found between men and women, which is consistent with results of Pastoris et al, 31 who found no significant differences between males and females in the activities of various marker enzymes related to glycolysis, Krebs cycle and respiratory chain of human skeletal muscles.
Effect of age
The abnormalities in mitochondrial energy providing metabolism in obesity may be age-dependent. In foetal tissues, anaerobic glycolysis represents the major source of cellular ATP, the capacity of OXPHOS being relatively low. At birth, a clear onset of OXPHOS occurs as a result of a rapid induction of mitochondrial biogenesis. The capacity of OXPHOS attains a maximum level in young and adult mammals. 28 For example, in human heart, the COX activity and content increase with gestational age. Further marked increase occurs in neonatal and early childhood period and this trend continues up to adolescence and adulthood. 32 Numerous studies about age dependence of capacity of the mitochondrial energy providing system are available today. Conley et al 33 found a 50% reduction in muscle oxidative capacity between adult and elderly human groups, half of which was due to reduced mitochondrial volume density and the remaining half was due to reduced mitochondrial function (oxidative capacity per mitochondrial volume). The latter finding is consistent with lower mitochondrial oxidative enzyme activities found in human skeletal muscle with age. 29,30,34 -38 However, Papa 28 showed that this activity loss is not equally shown by all enzymes. Similarly, skeletal muscle fibres exhibit a progressive agerelated increase in the number of COX negative fibres, but normal histochemical reactivity for succinate dehydrogenase. 39 Decrease in mitochondrial oxidative capacity and respiratory enzyme activities with ageing was also found in other human tissues, eg cardiac tissue and liver, 40, 41 but other studies did not find significant changes in OXPHOS enzyme activities in cardiac tissue with ageing. In contrast, the CS activity increased significantly with age and thus the COX=CS ratio decreased as a function of age in human cardiac tissue. 42 No age-specific decrease was found in respiratory chain enzyme activities in human skeletal muscle, when physical exercise and smoking were taken into account. 43 Contrary to well-described changes in ageing in metabolically active tissues, only a few studies in human lymphocytes are available. As far as the metabolic activity of cells is concerned, lymphocytes resemble fibroblasts. Both these cell types (as well as muscle cells) are of mesodermal origin and they show active glycolytic as well as oxidative metabolism.
In our study, we observed age-dependent decrease of the CS activity in the control group while no significant changes were found in the activity of mitochondrial respiratory chain Mitochondrial metabolism in obese M Čapková Figure 2 The activity of cytochrome c oxidase (COX) (a), citrate synthase (CS) (b) and the COX=CS ratio (c) in lymphocytes of 60 obese patients and 151 non-obese controls according to the age subgroups. Data are presented as means and 95% confidence intervals for means.
Mitochondrial metabolism in obese M Čapková enzyme -COX. Similarly, Chretien et al 4 found no significant changes with age (ranging from 0 to above 50 y of age) in mitochondrial respiratory chain enyzme activities, either in skeletal muscle homogenate or in isolated mitochondria. Rooyackers found decrease in the COX activity with age in skeletal muscle homogenate, but not in isolated muscle mitochondria. 30 Similarly, no significant differences in the COX activity were found in fibroblast cell lines derived from patients of different age. 44 The decrease of the CS activity can reflect a decline of the matrix content of mitochondria with age, which would be consistent with results of Conley et al, 33 who found reduced mitochondrial volume density in skeletal muscle of elderly human subjects compared to adults. Our data clearly showed that the COX=CS ratio is increasing with age, thus supporting the view that the composition of mitochondrial compartments may be changing with age. If we would consider the COX activity as a reference to evaluate the relative amount of the mitochondrial inner membrane, then the changes occurring during the physiological ageing would not affect the inner mitochondrial membrane.
Comparison of obese and normal-weight subjects In our study, lower activity of CS and higher activity of COX in lymphocytes were found in the group of 60 obese patients compared with 151 non-obese controls. As we had found that the CS activity and the COX=CS ratio are age-dependent, we performed the statistical analysis taking the age effect into account, with similar results: in the obese patients, lower CS activity and higher COX=CS ratio were observed. The differences between the obese patients and the non-obese controls were most pronounced in the group of young people (16 -45 y old) and in people aged ! 65 y. The differences observed in young and elderly people are not a simple result of non-proportional number of probands in these age categories, which was 6 -9 in the obese patients and 13 -57 in the controls. These results suggest that some compensatory mechanisms, which reduce differences observed in youth and old age, may exist in the middle age. The differences in the COX and CS activity in obese patients and non-obese controls may reflect some changes in the composition of mitochondrial compartments and proportions between respiratory chain and citric acid cycle enzymes (the increase in the amount of the mitochondrial inner membrane relative to the matrix compartment in obese patients compared to non-obese controls).
Immune response may be changed in obesity and may be connected with changes in population of peripheral blood lymphocytes. Genetically obese Zucker (fa=fa) mice showed reduction of all T-cells subsets 45 and obese ob=ob mice had selective reduction of hepatic CD4 þ NK T cells. 46 Obese patients after dieting, but also anorectic patients before or after dieting had normal CD4 þ counts, but low CD8 þ counts. 47 The data of Niemann et al 48 did not support the contention that mild-to-moderate obesity is associated with alteration in immune system functions, but their later study showed elevated leukocyte and lymphocyte subset counts as well as higher monocyte and granulocyte phagocytosis and oxidative burst activity in obese women. 49 The effect of obesity on lymphocytes may be rather straightforward and may be based on modulation of lymphocytes by leptin produced in adipose tissue and stomach as both CD4 þ and CD8 þ T lymphocytes express leptin receptors. 50 In our study, we could not compare particular lymphocyte subset counts, but neither the overall lymphocytes counts nor the total protein amount after isolation differed significantly between the obese patients and the controls (data not shown).
Contrary to our findings in lymphocytes, lower COX activity was found in human skeletal muscle of obese subjects compared to lean individuals. 51 On the other hand, Katyare and Howland found enhanced oxidative metabolic activity of liver mitochondria in the genetically obese (ob=ob) mice. 1 Thus, the rate of energy-coupled substrate oxidation, activities of respiratory chain dehydrogenases, cytochrome content and uncoupler-stimulated ATPase activity were all elevated. Such a generalized increase in the respiratory and phosphorylative units in mitochondria presumably results, in the ob=ob mice, in an increased synthesis of ATP, which may then be channelled toward formation of lipids. 1 Other studies showed that hepatic mitochondria from adult obese mice exhibit elevated capacity to oxidize nonlipid substrates. 2, 52 This supports the notion that hepatic mitochondria from obese mice have an increased capacity to metabolize reducing equivalents, whether they are NAD þ -or FAD-linked. They also show elevated specific activity of CS and elevated capacity for mitochondrial and peroxisomal oxidation of lipid substrates. 53 In conclusion, the results of our study demonstrate the differences in the COX and CS activities in obese patients and non-obese controls and support the view that mitochondrial oxidative capacity may be increased in obesity. Moreover, our data suggest that lymphocytes seem to represent easily available cells, which may be useful for studies of the metabolic changes in obese patients.
